ABSTRACT Background: Greater red meat intake is associated with an increased type 2 diabetes and cardiovascular disease risk. However, the relation of red meat intake to biomarkers of inflammation and glucose metabolism has not been investigated thoroughly. Objective: We hypothesized that greater red meat intake would be associated with biomarkers of inflammation and glucose metabolism, which would be partly explained by body mass index (BMI). Design: We analyzed cross-sectional data from diabetes-free female participants in the Nurses' Health Study (n = 3690). Multiple linear regression was conducted to assess the associations of total, unprocessed, and processed red meat intakes (quartile categories) with plasma C-reactive protein (CRP), ferritin, adiponectin, fasting insulin, and hemoglobin A 1c (Hb A 1c ). Results: Greater total, unprocessed, and processed red meat intakes were associated with higher plasma CRP, ferritin, fasting insulin, and Hb A 1c and lower adiponectin after adjustment for demographic information (P-trend # 0.03 for all). Adiponectin was not associated with any type of red meat intake when further adjusted for medical and lifestyle factors. After adjustment for BMI, most of these associations with inflammatory and glucose metabolic biomarkers were substantially attenuated and no longer significant. BMI accounted for a statistically significant proportion of associations with CRP, Hb A 1c , and fasting insulin (P-contribution # 0.02 for all) but not with ferritin. Substituting a serving of total red meat intake with alternative protein food in a combination of poultry, fish, legumes, and nuts was associated with significantly lower CRP (b 6 SE: 20.106 6 0.043), ferritin (20.212 6 0.075), Hb A 1c (20.052 6 0.015), and fasting insulin (20.119 6 0.036) (all P # 0.02 for comparison of extreme quartiles for all). Conclusions: Greater red meat intake is associated with unfavorable plasma concentrations of inflammatory and glucose metabolic biomarkers in diabetes-free women. BMI accounts for a significant proportion of the associations with these biomarkers, except for ferritin. Substituting red meat with another protein food is associated with a healthier biomarker profile of inflammatory and glucose metabolism.
INTRODUCTION
Red meat intake has been associated with the development of type 2 diabetes and cardiovascular disease (CVD) 4 (1-3). Furthermore, evidence indicates that greater red meat intake is associated with weight gain (4, 5) . Although obesity-related inflammation and insulin resistance have been proposed to be involved in the observed association between red meat intake and progression of metabolic abnormalities (1, 3) , the underlying mechanism is not entirely known. In a controlled feeding trial in 36 participants with elevated baseline LDL cholesterol (6) , varying amounts of lean red meat interventions for 5 wk had similar beneficial effects on LDL cholesterol and similar adverse effects on HDL cholesterol. Inclusion of lean red meat in a hearthealthy diet to reduce CVD risk was suggested based on this evidence (6) . However, the fat content of red meat may not be solely responsible for the adverse effects of red meat contributing to progression of metabolic abnormalities (7, 8) . Other components, including heme iron, and other mediating pathways, may be involved.
Greater intake of total red meat has been associated with a higher plasma concentration of C-reactive protein (CRP)-an inflammatory biomarker (9, 10) . However, the association was reported only with processed meat intake and not with total red meat intake in a Dutch study (11) . The authors elaborated that BMI, not CRP, is likely the main contributor of the association between red meat intake and type 2 diabetes (11) . In addition, ferritin, a biomarker of inflammation and body iron stores, has been associated with the risk of type 2 diabetes (12, 13) . It has been speculated that red meat intake may influence glucose metabolism via iron metabolic pathways (14) . Because red meat intake is associated with type 2 diabetes (1, 3) , it is expected to be associated with biomarkers of abnormal glucose metabolism. However, previous investigations of red meat intake and glucose metabolic biomarkers have been inconsistent (9, 15) .
Thus, although the associations of red meat intake with biomarkers of inflammation and glucose metabolism have been investigated in several studies (9) (10) (11) 15) , findings have been inconclusive. We therefore hypothesized that higher red meat intake (ie, total, unprocessed, and processed) would be associated with suboptimal concentrations of inflammatory and glucose metabolic biomarkers (ie, higher CRP, ferritin, fasting insulin, and hemoglobin Hb A 1c (Hb A 1c ) and lower adiponectin) among diabetes-free women with detailed characterization of lifestyle and medical history available and that these associations would be in part mediated by body weight. Our secondary hypothesis was that substituting red meat with alternative protein food sources, which were previously related to reduced risk of type 2 diabetes and CVD (1, (16) (17) (18) , would be associated with a healthier biomarker profile of inflammatory and glucose metabolism.
SUBJECTS AND METHODS

Study population
The Nurses' Health Study (NHS) is a prospective cohort study of 121,700 female registered nurses aged 30-55 y living across the United States at the baseline data collection in 1976. The participants have been followed biennially with questionnaires on medical history and lifestyle. The blood sample collections were conducted among 32,826 participants in [1989] [1990] . Among participants who provided a blood sample, several substudies have been implemented to examine the association of plasma biomarkers in relation to specific disease risk. For the current investigation, we included biomarker data from participants previously selected as controls for nested case-control analyses of type 2 diabetes, coronary heart disease, and stroke (n = 2939) and for an analysis of cognitive function (n = 930). Participants with self-reported prevalent diabetes at blood draw were excluded in additional to those with measured Hb A 1c $6.5%. A total of 3690 individuals with red meat intake and BMI data from the 1990 questionnaire and biomarker data from the 1989-1990 blood collection were included in the current analysis. Because different combinations of biomarkers were measured by substudies, the sample sizes for each biomarker varied: CRP (n = 2314), ferritin (n = 1115), transferrin receptor to ferritin ratio (n = 1110), Hb A 1c (n = 2474), fasting insulin (n = 1783), and adiponectin (n = 2562). The study protocol was approved by the Institutional Review Board of the Brigham and Women's Hospital and the Human Subjects Committee Review Board of Harvard School of Public Health.
Assessment of dietary intake
Dietary intake has been assessed by using a validated semiquantitative food-frequency questionnaire (FFQ) every 4 y as described in detail previously (19, 20) . For the current analysis, we used a 131-item FFQ that was sent to participants in 1990. Participants were asked to report their usual intake of a standard portion of each food item during the past year. Nine response categories were available ranging from never or ,1 time/mo to $6 times/d. The daily nutrient intake was estimated by using the Harvard Food Composition Database derived from the USDA nutrient data (21) . Questionnaire items on unprocessed red meat consumption included "beef or lamb as main dish," "pork as main dish," "hamburger," and "beef, pork, or lamb as a sandwich or mixed dish." Items on processed red meat included "bacon," "hot dogs," and "sausage, salami, bologna, and other processed red meats." The standard serving sizes for these food items were 85 g for hamburger; 45 g for hot dogs; 27 g for sausage, salami, bologna, and other processed red meats; 13 g for bacon; 85 g for red meat served as a sandwich or mixed dish; and 140 g for red meat served as a main dish. The assessment of various red meat intakes by FFQ was correlated with intakes assessed by multiple dietary records. Pearson correlation coefficients corrected for within-person variation ranging between 0.38 for hamburgers and 0.70 for bacon (22) . Other major protein food sources were assessed by using the FFQ and grouped into the following food items: 1) poultry included chicken and turkey with and without skin; 2) fish included darkand light-fleshed fish and canned tuna; 3) legumes included tofu, soybeans, string beans, peas, beans, and lentils; and 4) nuts included peanuts, peanut butter, and other nuts.
Biochemical analysis
Blood sample collection was described in detail previously (13) . Briefly, a phlebotomy kit and instructions were sent to participants willing to provide blood specimens in [1989] [1990] . Samples were returned by overnight mail with a frozen water bottle and were processed immediately on arrival. Aliquots were placed into cryotubes as plasma, buffy coat, and erythrocytes. All cryotubes were stored in the vapor phase of liquid nitrogen freezers at 21308C or less for up to 21 y before undergoing biochemical analysis. Quality-control samples were routinely frozen with study samples to monitor potential changes due to storage and to assess assay stability.
Plasma CRP concentrations were measured by using a highsensitivity latex-enhanced immunonephelometric assay on a BN II analyzer (Dade Behring; intraassay CV: 3.8%). Plasma ferritin and transferrin receptors were measured by using a particleenhanced immunoturbidimetric assay by using the Hitachi 911 analyzer (Roche Diagnostics; CV: 3.8% and 8.4%, respectively). Hb A 1c was measured by immunoassay Hitachi 911 analyzer (Roche Diagnostics; CV: 3.8%). Plasma insulin was measured by using a radioimmunoassay specific for insulin with ,1% cross-reactivity between insulin and its precursors (Linco Research; CV: 9.5%). Plasma adiponectin concentrations were measured by competitive radioimmunoassay (Linco Research; CV: 3.4%).
Assessment of other covariates
Information on medical history, lifestyle practices, and body weight was collected at baseline and has been updated every 2 y. BMI was calculated as weight (kg) self-reported in 1990 divided by the square of height (m) self-reported in 1976. Based on the previous validation study, self-reported weights have been correlated highly with measured weights (r = 0.97) (23) .
We included other covariates derived from the questionnaires obtained closest to the time of blood collection. Information on cigarette smoking, physical activity, family history of diabetes, postmenopausal hormone use, and history of hypertension or hypercholesterolemia was assessed from these questionnaires. The validity of these assessments has been documented previously (24) .
Statistical analysis
Distributions of continuous variables were assessed for normality, and natural log transformations of skewed biomarkers were used in subsequent analyses. Descriptive statistics for continuous variables were summarized as means 6 SEs, and categorical variables were summarized by using proportions according to quartile categories of red meat intake from lowest to highest.
General linear models were used to evaluate associations of total, unprocessed, and processed red meat intake with plasma biomarker concentrations. Model 1 was adjusted for demographic information, including age at blood draw (continuous), ethnicity (white or nonwhite), and fasting status ($8 h yes or no). Model 2 was additionally adjusted for medical history and lifestyle variables, including postmenopausal hormone use (yes or no), family history of diabetes (yes or no), history of hypertension (yes or no), history of hypercholesterolemia (yes or no), smoking status (current, former, or never), physical activity [metabolic equivalent tasks (h)/wk, quartiles], Alternative Healthy Eating Index score (continuous), and total energy intake (continuous). Least-squares means of biomarkers were estimated in quartile categories of red meat intake, and linear trends were tested. The Alternative Healthy Eating Index was generated excluding red meat intake (25) . Because preexisting medical histories that are risk factors for diabetes and CVD may modify the association of dietary intake with biomarkers of inflammation and glucose metabolism, interaction tests were performed by adding an interaction term of red meat intake (continuous) with a family history of diabetes (yes or no), comorbidity of hypertension (yes or no), or comorbidity of hypercholesterolemia (yes or no) with adjustment for covariates included in model 2. To assess the independent effects of unprocessed compared with processed red meat intake, both were included simultaneously in the multiple linear regression models. To account for variation in sample handing and laboratory drift between substudies, CRP, ferritin, transferrin receptor to ferritin ratio, fasting insulin, and adiponectin values were recalibrated as previously described in detail (26, 27) . To evaluate the contribution of BMI (continuous) on the associations between red meat intake and biomarkers, SAS macro %MEDIATE (publicly available at http://www.hsph. harvard.edu/faculty/spiegelman/mediate.html) was applied by using 1-(bmediator model/bbase model) 3 100 according to the methods described by Lin et al (28) .
The effect of substituting a serving of red meat with a serving of another major protein food source, which has previously been shown to be related to a reduced risk of type 2 diabetes and CVD (1, (16) (17) (18) , was estimated by including both as continuous variables in the same multiple regression model (1, 18) . The differences in their b coefficients, variances, and covariance were used to estimate b coefficients 6 SEs and P values of the substitution effect. Substituting protein food sources included 1) poultry, 2) fish, 3) legumes, 4) nuts, and 5) a combination of poultry, fish, legumes, and nuts. For all statistical analyses, 2-sided P , 0.05 was considered to be statistically significant, except for interaction terms for which P , 0.01 was used to reduce the likelihood of false-positive interactions. All data analyses were performed by using SAS software, version 9.3 for UNIX (SAS Institute).
RESULTS
Characteristics of 3690 middle-aged and older diabetes-free study participants are presented according to total red meat consumption categories ( Table 1 ) and according to unprocessed and processed red meat consumption categories (see Supplemental Table 1 under "Supplemental data" in the online issue). Age and physical activity were lower across increasing intake quartile categories of red meat intake, whereas BMI and total caloric intake were higher across categories. Intakes of total and unprocessed red meat were highly correlated with heme-iron intake (Spearman r = 0.8 for both), whereas processed red meat intake was moderately correlated (r = 0.3). Within these diabetesfree women, median daily consumptions were 54 g/d (5th, 95th percentiles: 6, 141) for total red meat, 47 g/d (6, 128) for unprocessed red meat, and 4 g/d (0, 20) for processed red meat.
Assessing associations between red meat intake and biomarkers of inflammation
Multiple regression models were constructed to assess whether red meat intake was associated with plasma biomarkers of inflammation ( Table 2 ). Greater total, unprocessed, and processed red meat consumptions were associated with higher plasma CRP concentrations after adjustment for demographic, medical history, and lifestyle variables (model 2; P-trend # 0.04 for all). These associations became attenuated and not significant after additional adjustment for continuous BMI (Table 2) .
Greater total and unprocessed red meat intakes were significantly associated with higher plasma ferritin concentration after adjustment for demographic, medical history, and lifestyle variables (model 2; P-trend # 0.01 for all). These associations remained significant with additional adjustment for BMI (Table 2) . Processed red meat intake was associated with ferritin with adjustment for demographic variables (model 1; P = 0.02). However, the association became attenuated to nonsignificance after additional adjustment for medical history and lifestyle variables, and the null associations remained after further adjustment for BMI (Table 2 ). To account for potential subclinical iron deficits, the association of red meat intake with an index of transferrin receptor to ferritin ratio was assessed. We observed similar associations of red meat intake with transferrin receptor to ferritin ratio as with ferritin in this population of "healthy" women (Table  2) ; therefore, ferritin was used in subsequent analysis.
When model 2 was mutually adjusted for both unprocessed and processed red meat, the direction and significance of associations remained the same, except for the association between unprocessed red meat and CRP, which was attenuated to nonsignificance. No significant effect modification was observed for the associations between red meat intake and the biomarkers by a medical history of hypertension, history of hypercholesterolemia, or family history of diabetes.
Assessing associations between red meat intake and biomarkers of glucose metabolism
In Table 3 , multiple regression models were constructed to assess whether red meat intake was associated with plasma biomarkers of glucose metabolism. Greater total, unprocessed, and processed red meat intakes were associated with higher concentrations of Hb A 1c and fasting plasma insulin after adjustment for demographic variables (model 1; P-trend # 0.003 for all). When these models were further adjusted for medical history and lifestyle variables, the associations of unprocessed red meat with Hb A 1c became attenuated and not significant. With further adjustment for BMI, the associations of all types of red meat consumptions with Hb A 1c and fasting insulin were not significant (Table 3) .
Plasma adiponectin was inversely associated with total, unprocessed, and processed red meat intake with adjustment for demographic variables (model 1; P-trend # 0.01 for all), but these associations became attenuated to nonsignificance after additional adjustment for medical and lifestyle variables ( Table  3) . The null associations with adiponectin remained after additional adjustment for BMI (Table 3) .
When model 2 was mutually adjusted for both unprocessed and processed red meat, the significant association remained between processed red meat and fasting insulin (P = 0.005), whereas the association between processed red meat and Hb A 1c became attenuated and borderline significant (P = 0.06). The associations of unprocessed and processed red meat with adiponectin remained nonsignificant with mutual adjustment. Because the association between red meat and adiponectin was null, adiponectin was not included in the subsequent analysis that assessed potential explanations for observed associations or estimating substitution effects of red meat with another protein source.
Assessing associations between red meat intake and biomarkers explained by BMI
The proportions of the associations between red meat intake and biomarkers explained by BMI were assessed ( Table 4) . BMI accounted for much of the associations of total, unprocessed, and processed red meat intake with CRP, Hb A 1c , and fasting insulin (P-contribution # 0.02 for all). BMI did not account for the association between red meat intake and ferritin (Table 4) .
Substitution effects of red meat with other major protein food groups
The substitution effects were estimated according to exchanging a serving of daily red meat intake with another major protein food source ( Table 5) . Substituting a serving of total red meat with a combination of alternative protein food source (ie, poultry, fish, legumes, or nuts) was associated with lower CRP, ferritin, Hb A 1c , and fasting insulin concentrations (P # 0.02 for all). Substitution with nuts was independently associated with these 4 biomarkers, and substitution with fish was also associated with lower ferritin (Table 5) .
Substitution of unprocessed red meat with a combination of alternative protein food source was associated with lower ferritin, Hb A 1c , and fasting insulin concentrations (P # 0.02 for all). Substitution of unprocessed red meat with nuts and legumes was associated with lower ferritin and Hb A 1c (P # 0.02 for all), and substitution with fish was also associated with lower ferritin (P = 0.004). Substitution of processed red meat with a combination of alternative protein food or nuts independently was associated with lower CRP, Hb A 1c , and fasting insulin (P # 0.03 for all). After further adjustment of substitution models for BMI, these substitution effect associations with CRP and fasting insulin were attenuated and no longer significant. Substitution effects of total and unprocessed red meat with a combination of alternative protein sources remained significantly associated with ferritin and Hb A 1c after adjustment for BMI (see Supplemental Table 2 under "Supplemental data" in the online issue).
DISCUSSION
Greater total, unprocessed, and processed red meat intakes were associated with higher CRP, ferritin, fasting insulin, and Hb A 1c and lower adiponectin initially. However, adiponectin was no longer associated with red meat intake after adjustment for medical and lifestyle information. After further adjustment for BMI, most associations with these biomarkers 1 General linear models were used. Model 1 was adjusted for age at blood draw (continuous), ethnicity (white or nonwhite), and fasting status (yes or no). Model 2 was adjusted for model 1 variables in addition to postmenopausal hormone use (yes or no), family history of diabetes (yes or no), history of hypertension (yes or no), history of hypercholesterolemia (yes or no), smoking status (current, former, or never), physical activity (quartiles), Alternative Healthy Eating Index (continuous), and total energy intake (continuous). A continuous variable was used for BMI. Biomarker sample sizes vary: C-reactive protein (n = 2314), ferritin (n = 1115), and transferrin receptor to ferritin ratio (n = 1110). Q, quartile.
2 P-linear trend was calculated by assigning median values to each quartile and treated as a continuous variable. 3 Values are medians; IQRs in parentheses. 4 Significantly different from Q1, P , 0.05. 1 General linear models were used. Model 1 was adjusted for age at blood draw (continuous), ethnicity (white or nonwhite), and fasting status (yes or no). Model 2 was adjusted for model 1 variables in addition to postmenopausal hormone use (yes or no), family history of diabetes (yes or no), history of hypertension (yes or no), history of hypercholesterolemia (yes or no), smoking status (current, former, or never), physical activity (quartiles), Alternative Healthy Eating Index (continuous), and total energy intake (continuous). A continuous variable was used for BMI. Biomarker sample sizes vary: hemoglobin A 1c (n = 2474), fasting insulin (n = 1783), adiponectin (n = 2562). Q, quartile.
2 P-linear trend was calculated by assigning median values to each quartile and treated as a continuous variable. 3 Values are medians; IQRs in parentheses. 4 Significantly different from Q1, P , 0.05.
were substantially attenuated. BMI accounted for a statistically significant proportion of associations with these biomarkers, but not with ferritin. Substitution of a serving of total red meat intake with alternative protein food consumed in a combination of poultry, fish, legumes, and nuts was associated with a healthier biomarker profile of inflammation and glucose metabolism. In a randomized crossover controlled feeding trial in 36 participants aged 39-97 y with a BMI of 19 to 36 and elevated baseline LDL cholesterol (6), 5-wk dietary treatment with 28, 113, or 153 g lean red meat/d had similar beneficial effects on LDL cholesterol and similar adverse effects on HDL cholesterol. The authors suggested including lean red meat in a heart-healthy diet to reduce CVD risk (6) . However, the fat content of red meat may not be solely responsible for the adverse effects of red meat contributing to progression of metabolic abnormalities (7, 8, 29) . In our isocaloric substitution analysis, exchanging a serving of red meat intake with alternative protein food consumed in a combination of poultry, fish, legumes, and nuts was associated with a favorable biomarker profile of inflammatory and glucose metabolism. The current evidence among diabetesfree women adds to previous reports indicating that greater consumption of protein food sources alternative to red meat may reduce the risk of progression to type 2 diabetes and CVD (1, 18) . This further supports the needs to consider other components in red meat and potential mediating pathways. Because unprocessed and processed red meat differ in many ways (8) , and processed meats have been more consistently associated with risk of type 2 diabetes (1, 30-34) , the associations of specific types of red meat intake with inflammatory biomarkers are of interest. Similar to our results, greater total red meat intake has been associated with a higher plasma CRP concentration (9, 10) . However, only processed meat intake was associated with higher CRP, whereas total red meat intake was not in a Dutch study (11) . The authors suggested that increased body adiposity might be the main contributor of the association between red meat and diabetes and that CRP was indirectly related (11) . In a parallel-designed trial, partially replacing energy from carbohydrate with protein from unprocessed lean red meat for 8 wk did not increase inflammatory marker concentrations (35) . Although a longer duration of intervention is needed to confirm this evidence, it further suggests that the association between red meat and inflammatory biomarkers is likely to be indirect. Our data also support this notion because BMI explained a statistically significant proportion of the associations of red meat intake with CRP. In an investigation from 3 US cohort studies including the NHS, increased daily intake of unprocessed and processed red meat intakes were associated with 4-y weight gain (4). Excessive body adiposity is known as the single most important risk factor for type 2 diabetes (36). Therefore, a diet high in red meat may promote weight gain and subsequently contribute to developing type 2 diabetes. In our study, BMI was also a significant contributor to the association between red meat intake and biomarkers of glucose metabolism, which supports the involvement of adiposity in the association between red meat and diabetes. However, BMI did not account for the association between red meat intake and ferritin in the current study.
Ferritin, a biomarker of body iron stores, was previously associated with type 2 diabetes (12, 13). Several potential mechanisms may explain the associations of total and unprocessed red meat intake with ferritin and progression to diabetes. A bidirectional relation between iron and glucose metabolism has been proposed whereby iron affects glucose metabolism and glucose metabolism impinges on iron metabolic pathways (14) . Insulin stimulates iron uptake by fat cells through the redistribution of transferrin receptors from intracellular membrane to the cell surface (37, 38) and is responsible for the increased ferritin synthesis in cultured rat glioma cells (39) . Furthermore, iron accumulation in the liver interferes with insulin's action of inhibiting glucose production in the liver (40) . Increased iron deposition may induce insulin resistance by inhibiting glucose uptake in fat and muscle tissues (14) . However, red meat intake was not significantly associated with adiponectin in our study, which suggests that the association between red meat intake and progression to diabetes might not involve worsening of insulin sensitivity via the adiponectin-related insulin signaling pathway (41) . Also, iron is a prooxidant that has been associated with increased oxidative stress, which may influence progression to diabetes (42) . Our null association observed between processed red meat and ferritin might be explained by a lower quantity of processed red meat consumed per serving compared with unprocessed red meat.
The strength of the current investigation is an array of plasma and red blood cell biomarkers measured from a large number of diabetes-free women with detailed characterization of lifestyle and medical information available. The current study, however, had limitations. First, our study participants were female nurses of primarily European ancestry. The observed associations may not be generalizable in other populations with various cultural practices. Because variation in animal farming and meat preparation may introduce additional confounding (43) (44) (45) , our results need to be replicated in other populations. Second, our plasma samples were stored for up to 21 y at 21308C, which might have introduced molecular degradation. However, the stability of these biomarkers after long-term storage has been documented (46, 47) . Ferritin and transferrin concentrations changed minimally after 25 y of storage at 2258C (46). Although all blood sample processing and biochemical assays were performed under the internal NHS study protocol, project batch effects might have been introduced as a result of variation in sample handing and laboratory drift. We recalibrated biomarker concentrations with the use of previously published methods known to account for this (26) , except for Hb A 1c , which was reported to maintain high reproducibility after longterm storage (Pearson r = 0.97) (47) . Third, this was a crosssectional observational investigation; therefore, we could not conclude a causal relation. In previous controlled feeding trials (6, 35) , greater lean red meat intakes for 5 to 8 wk did not alter plasma concentrations of CRP, glucose, and/or insulin. Although it is unknown whether a longer duration of intervention accounting for mediating pathways will alter these results, the results of the current investigation should be interpreted with caution. It would be valuable for future studies to investigate longer-term changes in these biomarkers. Furthermore, we cannot confirm whether BMI is a true biological mediator or confounder. Additional research using longer-term randomized controlled trials accounting for potential confounders and mediators, including changes in body adiposity, are needed to further explore reported associations.
In conclusion, greater red meat intake is associated with unfavorable plasma concentrations of inflammatory and glucose metabolic biomarkers in diabetes-free women. Body adiposity statistically accounted for a significant proportion of the associations between red meat and these biomarkers, except for ferritin. Substitution of a serving of red meat with another protein food consumed in combination of poultry, fish, legumes, and nuts is associated with a healthier biomarker profile of inflammatory and glucose metabolism. Long-term controlled feeding studies are warranted to confirm the causality of these associations and potential mediating pathways to determine optimal preventative dietary strategies for progression to type 2 diabetes and CVD.
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